Is the remarkable diversity in the behavior of insects reflected in the organization of their nervous systems? The ventral nerve cords (VNCs) have been described from over 3 00 insect species covering all the major orders. Interpreting these data in the context of phylogenetic relationships reveals remarkable diversity. The presumed ancestral VNC structure is rarely observed; instead the VNCs of most insects show extensive modification and substantial convergence. Modifications include shifts in neuromere positions, their fusion to form composite ganglia, and, potentially, their separation to revert to individual ganglia. These changes appear to be facilitated by the developmental and functional modularity of the VNC, a neuromere for each body segment. The differences in VNC structure emphasize trade-offs between behavioral requirements and the costs incurred while maintaining the nervous system and signaling between its various parts. The diversity in structure also shows that nervous systems may undergo dramatic morphological changes during evolution.
INTRODUCTION
The insects are the most speciose group of animals on the planet, making up 63% of all named species (53) . They have a vast behavioral repertoire that encompasses numerous locomotory, feeding, and reproductive strategies, as well as learning, navigation, and communication. Their behavior may differ radically in the wide range of habitats that different insects inhabit. Closely related species, as well as castes, sexes, and morphs within species, may also show dramatic differences in behavior. Furthermore, larval and adult insects frequently differ radically in lifestyle, body form, and behavior. The evolution of this behavioral diversity must have required morphological or physiological changes in the nervous system or sometimes both. The nervous systems of both invertebrates and vertebrates, however, are constrained by limited energy budgets for neural processing (74, 87, 88) , physical limitations of their design (45) and the space they can occupy (118) , and the processes by which they are formed during development (49) .
Large amounts of energy are needed to maintain a nervous system and to process information within neural circuits (6, 76, 88, 90) . Constraints on the energy budget of animals therefore suggest that there is strong selective pressure to reduce neural structures and neural processing to the minimum necessary to behave appropriately (87, 88, 121) .
In contrast, improved performance in specific behavioral tasks is correlated with the expansion of particular regions of both insect and vertebrate brains (e.g. 46, 47, 56, 79) , which is likely to incur additional energetic costs, thus implying strong selective pressure to improve behavioral performance. Physical constraints within the nervous system have also been identified. For example, noise generated by the random fluctuations of voltage-gated ion channels places lower limits on axon diameter (45) . Similarly, in mammals, concomitant changes in the volumes of specific brain regions relative to body mass may represent a developmental constraint (49, 117) , although some individual brain regions can change dramatically in volume relative to body mass (8, 117) . Although no such relationships have been described for insects, it seems likely that the structure of the nervous system in modern insect species has been influenced by the design of the ancestral nervous system (43, 55, 67, 115) .
Strong selective pressures to generate adaptive behavior with a limited energy budget suggest that the nervous system should be diverse and specialized, within the bounds set by both physical and developmental constraints on these evolutionary processes.
Many comparative studies of the neurons or neural circuits of insects and other invertebrates have concluded that neuronal morphology is highly conserved during evolution (43, 67, 106) , although at more recent phylogenetic scales, anatomical variation may be sufficient to infer phylogenetic relationships (4, 25, 26, 112, 115) . Thus, the extent of morphological and physiological diversity within insect nervous systems remains unclear. The insect ventral nerve cord (VNC) provides an ideal starting point from which to assess the extent of diversity of central nervous systems (CNSs), particularly given its modular structure, with a neuromere associated with each body segment. Indeed, the small size and low resting metabolic rates relative to body mass of many insects and the high energetic demands of behaviors such as flight (1, 89, 104) mean that several factors such as space and energy constraints may be more acute in the nervous systems of insects compared with those of vertebrates. The overall structure of the insect VNC has been documented for many species from all of the major insect orders ( Figure 1 ) (13-18, 29, 42, 81, 86, 123, 138) .
Here, we combine data on the overall structure of the insect VNC with phylogenetic approaches and recent advances in understanding the costs associated with nervous systems to assess the diversity and evolution of the insect VNC. Each of these structures is linked in a chain by pairs of connectives that consist of the axons of many different types of neurons. Each segmental ganglion of the ventral chain may consist of a single neuromere or it may be a fusion of two or more neuromeres. In ganglia composed of two or more fused neuromeres, the connectives between neuromeres are reduced in length but still exist as tracts of axon bundles within the fused neuropile areas (22, 70, 95, 97, 99, 120, 128, 136) . The position of a neuromere relative to adjacent ones is continuous rather than discrete.
To transform this relation into discrete categories, a cutoff point that marks the boundaries must be determined. In this review unfused refers to a neuromere for which there is a clear pair of connectives linking it to an adjacent neuromere. Fused refers to adjacent neuromeres close enough that their edges distort, and the oudine of the composite ganglion is a distortion of the two original outlines with, at most, a small indentation between neuromeres.
DIVERSITY IN VENTRAL NERVE CORD STRUCTURE
Establishing the structure of the ancestral insect VNC is essential for understanding the structural changes that have taken place during the evolution of the insects. The VNCs documented from the apterygote insect orders, Archaeognatha (51, 59) and Zygentoma (80) . Relatively few specimens from the other families have been studied but nevertheless variation abounds (15) .
The little information on VNC structure within the neuropteroid orders is concentrated within the Neuroptera. There is a broad range of fusion patterns, from complete 126, 127) . The embryonic VNC develops from ectodermal cells that differentiate to form neuroblasts and midline precursor cells present in each segment (10, 91, 122, 124, 125) . The neuroblasts divide asymmetrically to form ganglion mother cells, which in turn divide to produce two neurons. Outgrowth of fibers from these neurons forms paired horizontal commissures within each segment and longitudinal tracts between segments that eventually form a ladder-like structure of neuromeres that closely resembles the ancestral insect VNC (9, 10, 122, 124, 125) . This developmental program is remarkably conserved (122, 124) and produces a modular structure (5, 134) that may be a crucial factor in generating the diversity of VNCs. During the later stages 
Variation Between Closely Related Species
Relatively few studies describe variation in the fusion patterns of closely related insect species, and species-level phylogenies are often unavailable, making it difficult to determine the evolutionary events that have affected VNC structure. In the stingless bees (Meliponini), however, the VNC has been de- whereas they are unfused in some more derived genera (Figure 4b) . This suggests that fusion of these two neuromeres may have occurred many times during the evolution of the stingless bees. Moreover, although the data are sparse, rather than occurring as a smooth transition between unfused and fused states, large changes in VNC structure may occur within genera as may separations of previously fused neuromeres.
Variation Within Species
Differences in the pattern of neuromere fusion occur in males and females of the same species in several orders of holometabolous insects (14, 17, 39, 41, 73) . which is not present in the males (116) . Graded potentials, rather than action potentials, may also be used to transmit information between neurons (105), as they require less energy to signal the same amount of information (76) . Nonspiking neurons that trans- 
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